The activities of src tyrosine kinases are greatly influenced by substrate modulators (chaperones). In the presence of bovine serum albumin, the phosphorylation of a random polymer of glutamic acid, alanine, and tyrosine (1:1:1) by src kinases is stimulated 20-to 100-fold, but there is little stimulation with a polymer of glutamic acid and tyrosine (4:1) as substrate. This suggests that serum albumin interacts with the substrates rather than with the enzyme. groEL and several other heat shock proteins also stimulate the phosphorylation of a random polymer of glutamic acid, alanine, and tyrosine (1:1:1). In the absence of substrate modulators, the phosphorylation of calmodulin and of several ras proteins by src kinase is barely detectable. In the presence of polylysine or protamine, marked phosphorylation is observed. Another type of control of src kinase activities appears to be directed toward the enzyme rather than the substrate. Triton X-100 extracts of plasma membranes of bovine brain contain a heat-stable factor that stimulates c-src kinase activity with any of the polymers as substrate. The same extract contains a heat-labile factor that preferentially inhibits c-src kinase activity. The two factors are separated by DEAE-Sephacel and phosphocellulose chromatography. The presence of the activator enhances the potency of the inhibitor.
phosphorylation of poly(E1A1Yl) by either c-src or v-src kinase over 100-fold but has little or no effect on poly(E4YO) as substrate. At relatively low concentrations (100 Ag/ml), groEL and other heat shock proteins are as effective or more effective than BSA. Stimulation of the phosphorylation of poly(E1Yj) by high concentrations of BSA (up to 10 mg/ml) was first reported in the case of the insulin receptor kinase (10) . Over a 20-fold stimulation of phosphorylation of poly(E1A1Yj) by src kinase in the presence of groEL (640 Ag/ml) was observed. In contrast, an activator obtained from extracts of bovine membranes stimulates the phosphorylation of both polymers. We suggest that it affects the enzyme directly. We also describe a heat-labile factor present in extracts from bovine membranes that inhibits preferentially c-src activity, an inhibition that is enhanced in the presence of the src kinase activator.
MATERIALS AND METHODS
Samples of chaperonins groEL and groES were gifts from G. Lorimer of E. I. du Pont de Nemours. The heat shock proteins Hsp7O and Hsp78 from calf liver and a mixture of heat shock proteins from HeLa cells, all purified by ATP agarose chromatography, were donated by H. Weissbach of Roche Institute of Molecular Biology. Other reagents and inhibitors were obtained from Sigma or as described previously (5, 6) . Pigeon cytochrome c and cytochrome c peptides containing residues 1-80 or 1-65, obtained by cyanogen bromide cleavage, were gifts from A. Schejter and E. Margoliash of Northwestern University. Frozen insect Sf9 cells infected with recombinant baculovirus containing c-src or v-src genes were generously donated by R. Clark and F. McCormick of Cetus. Monoclonal antibody 327 and hybridoma cells expressing the antibody were gifts from J. Brugge of The University of Pennsylvania. Two c-Ha-ras proteins were donated by J. B. Gibbs of Merck Sharp & Dohme. The T24 oncogenic ras and the yeast RAS2 were prepared by R. J. Resnick as described (11) .
Protein Kinase Assay. Src kinases were assayed in a final volume of 50 Al containing 50 mM Tris Cl (pH 7.4), 10 mM MgCl2, 1 mM dithiothreitol, 5 .tg of the synthetic random amino acid polymers, and indicated amounts of src kinase preparation. The reaction was initiated by addition of 10 AM
[y-32P]ATP (4000-6000 cpm/pmol) and analyzed on filter paper squares and by SDS/PAGE as described (2, 5) .
Purification of src Kinases from Baculovirus-Infected Insect Cells. Frozen transformed insect cells (-0.3 ml) were suspended in 1 
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supernatant or 1% Triton X-100 cell extracts were purified by affinity chromatography using synthetic polymers as will be described elsewhere. Separation of activator and inhibitor. DEAE-Sephacel (Sigma) was loaded into a 10-ml disposable plastic syringe. After equilibration with buffer B containing 0.1% Triton X-100, 23 ml (=68 mg) of solubilized membrane was loaded onto the column, and the column was washed with 2 column volumes of buffer B and then eluted with 2 column volumes of buffer B containing 0.1, 0.3, 0.5, and 1.0 M NaCl. Fractions containing salt were dialyzed for 15 hr against 2 liters ofbuffer B containing 0.1% Triton X-100 and tested for activation or inhibition of c-src and v-src. Fractions containing 0.5 and 1.0 M NaCl were heated for 5 min at 90°C and centrifuged, and the supernatant was dialyzed for 46 hr against 4 liters of distilled water (with two changes) and lyophilized.
RESULTS
Stimulation of Phosphorylation of Poly(E1Yj) and Poly-(E1A1Y1) by src Tyrosine Kinases by BSA and Intracellular Chaperones. The phosphorylation of poly(E1Yj) or poly(E1A1Yj) by either c-src or v-src kinase was very slow compared to the phosphorylation of poly(E4YO) ( Table 1) .
Addition of BSA, up to 8 mg/ml, enhanced the phosphorylation of these polymers by either c-src or v-src kinase by 20-to 100-fold. Poly(E1A1Yj) was more rapidly phosphorylated than poly(E1Y1). The phosphorylation of poly(E6A3Yl) was stimulated only 2-fold or less, whereas little or no enhancement was observed with poly(E4Yl) as substrate. Since high concentrations of BSA were required for maximal stimulation of poly(E1Yj) and poly(E1A1Yj) phosphorylation, we considered the possibility that a contaminant in BSA was responsible, similar to our observations with PK-C (6). However, the purified protein kinase C (PK-C) activator did not stimulate the src kinase (data not shown). Although four samples of BSA from different sources showed one major band when 10 ug was analyzed by SDS/PAGE and gave the same stimulation, the presence of a very potent chaperone contaminant has not been ruled out. Several intracellular unidentified components in the cytosol of fibroblasts and yeast (data not shown) effectively substituted for BSA as well as several identified proteins ( Table 2 ). At 0.5 mg/ml, some cytochrome c preparations activated the phosphorylation of poly(E1A1Yj) by c-src, sometimes as well as or better than BSA, whereas ovalbumin and gamma globulin were virtually inactive. Cytochrome c and myoglobin (as well as polylysine) are basic proteins that stimulated poly(E1A1Yj) phosphorylation markedly. A curious effect was encountered with cleavage products of pigeon cytochrome c. At 0.5 mg/ml, they had little effect, whereas at 0.1 mg/ml (which was optimal) they stimulated better than BSA at 0.1 mg/ml, though still considerably less than BSA at 0.5 mg/ml. Microperoxidase (peptide containing residues 11-21 of cytochrome c) was inactive.
Several heat shock proteins (groEL, Hsp7O, Hsp78, a mixture of heat shock proteins from HeLa cells, and DnaK) were tested at 0.1 mg/ml in this system. All except DnaK were as good or better than BSA at 0.1 mg/ml. At 0.5 mg/ml, however, BSA stimulated 100-fold, and groEL stimulated about 15-to 20-fold. Of particular interest is that groEL at 1 mg/ml stimulated after 60 min the phosphorylation of poly(E1A1Yj) 37-fold, whereas poly(E4Yl) phosphorylation was inhibited 60% (Table 3 ). These observations are consistent with the proposal that the effect of heat shock proteins is on the substrate rather than on the enzyme.
Effect of Polymer Concentrations on the Rate of Phosphorylation by src Kinase. A clue to the difference in response between poly(E4Yl) and poly(E1A1Yj) was obtained by titration of the polymer substrates. The rate of poly(E4YO) phosphorylation by src kinase increased up to 2 mg of poly(E4YO) per ml. The phosphorylation of poly(E1A1Yj) in the presence of BSA increased with concentration only up to about 100 ,ug of polymer per ml and then declined (Fig. 1A) . Substrates were used at 100 ,sg/ml. Incubation was at room temperature for 15 and 30 min.
In the absence of BSA, there was significant activity at 5 and 10 Ag of polymer per ml, which decreased rapidly with increasing concentration. There was negligible activity at 100 or 200 jug/ml (Fig. 1B) . It seems likely therefore that at the higher concentrations these lesser charged polymers interact with each other, thereby preventing access to the enzyme, whereas the more negatively charged poly(E4Y1) remains susceptible to phosphorylation. Fig. 2A , with all ras proteins there was little or no phosphorylation by src kinase in the absence of polylysine. Optimal stimulations were observed at about 0.2 ,uM polylysine (41,000 Da); 2 ,uM resulted in much less phosphorylation. The phosphorylated bands of ras were alkali-stable. The preparation of src kinase used in this experiment ( Fig. 2A) contained an unidentified impurity at a Biochemistry: Abdel-Ghany et al. (18, 19) . PK-P, a membranous protein serine (threonine) kinase (20) related to casein kinase 2, is markedly stimulated by histone 1 or polylysine or by a natural modulator isolated from human platelets (17) . PK-P phosphorylates some substrates in the absence of a modulator, whereas other substrates may show partial or even complete dependence on the presence of the modulator (17) . Another example is the stimulation of the phosphorylation by PK-C of some substrates (e.g., lamin B) by an acidic contaminant of the BSA preparation or by some intracellular acidic components (6) There has been an increasing awareness of the role of chaperones in the folding and assembly of proteins and in protein transport (25) (26) (27) (28) (29) (30) (31) . The first examples of chaperones were two genes (groEL and groES) that are required for the assembly of the tail of bacteriophages A and T4 (27, 32, 33) . It was shown that nucleoplasmin prevents the random aggregation between histones and DNA and facilitates their formation of nucleosomes, and the name molecular chaperone was coined (31) . The name chaperonin was used (25) to describe a group of homologous chaperones in prokaryotes, mitochondria, and chloroplasts. At the biochemical level, the most penetrating studies were performed with bacterial ribulose-bisphosphate carboxylase (Rubisco), a key enzyme in photosynthesis (25, 26) . The product ofthe groEL gene keeps Rubisco protein that has been denatured (e.g., with urea) in the proper conformational state, preventing random aggregation-a chaperone in the true sense of the word. Addition of the groES protein in the presence of ATP and Mg2+ facilitates, in subsequent steps, the formation of properly folded monomer and then of a catalytically active dimer (26) . groEL functions as a chaperonin; groES functions as a match-maker. Based on our studies mentioned above, we propose that the concept of chaperones be extended to the activation of substrates for phosphorylation by a mechanism akin to the action of groEL, which keeps Rubisco in the unfolded form.
It is therefore of special interest that groEL and several other heat shock proteins increase the susceptibility of substrates to phosphorylation. It may be possible to increase the intracellular concentrations of certain chaperones by heat shock or genetic manipulations and establish a physiological significance to the phenomenon of substrate activation for phosphorylation described here. Of particular interest is the phosphorylation of ras proteins by src kinase in the presence of polylysine.
The observations that polylysine, chaperones, and intracellular activators and inhibitors profoundly alter the patterns of phosphorylation, and that differences were observed in the response by c-src and v-src kinases, raise the question of a participation of chaperone activators and inhibitors in the control of kinase activities in normal and transformed cells.
